Nickel ferrite (NiFe 2 O 4 ) was synthesized by mixing stoichiometric amounts of α-Fe 2 O 3 and NiO using mechanical milling and heat treatments at high temperatures. The physical characterization of the samples was carried out using X-ray diffraction, infrared and Raman spectroscopies, Mössbauer spectrometry, magnetization measurements, scanning electron microscopy and energy dispersive X-ray spectroscopy. We found that NiFe 2 O 4 production increases from 81 to 100 wt. % with increasing temperature. Additionally, the lattice parameter and the saturation magnetization increase with increasing temperature. On the other hand, Mössbauer spectrometry showed that there is a decrease in the subspectral areas ratio for Fe 3+ cations at tetrahedral (A) and octahedral [B] sites, A A /A B , with the increase of the temperature. In the SEM micrographs it was observed that the samples consisted of particles with irregular shapes and micrometric sizes. From IR spectra, the intensity of the 411 cm -1 band (vibrations at octahedral sites) increases relative to the intensity of the 599 cm -1 band (vibrations at tetrahedral sites) with increasing temperature. From the results obtained in the magnetization curves, it was possible to confirm the synthesis of NiFe 2 O 4 . As the heat treatment temperature increases, hysteresis loops with S-type geometric forms were obtained. All the results suggest that a defective spinel NiFe 2 O 4 is formed at 1000 °C, and that as the temperature increases, the defects gradually disappear. Neither cation reordering phenomena nor possible evaporation of chemical elements were the dominant effects to account for the results. The results can be explained if it is assumed that [B]-sites cation vacancies are gradually filled with cations as the temperature of the heat treatment increases.
Introduction
Ferrite is the common name of the materials with general chemical formula MFe 2 O 4 , where M is a divalent metal cation. The magnetic and structural properties of the ferrites are an open research field in materials science due to the wide range of applicability in technology and industry. Nickel ferrite, NiFe 2 O 4 (M = Ni), is a material that has awakened great interest in the scientific community due to the good electromagnetic behavior and its applications in the storage of information. This material can be used to fabricate pieces of great strength and hardness. It also has other applications such as inductors, antennas, gas sensors, devices for the handling of microwaves, catalytic supports, spin filtering barriers in magnetic tunnel junctions, magnetic carrier for drug delivery, remover of Fe(II) from aqueous solutions, among others [1] [2] [3] [4] [5] .
NiFe 2 O 4 has been synthesized by several methods including sol-gel [6] [7] , coprecipitation [8] , mechanical milling [9] [10] , combustion [11] [12] , thin films [3, 13] , solid state reaction [14] [15] , among others. Physical properties such as particle size, magnetic behavior, crystal structure, cation distributions, coercivity, Néel temperatures, spin configurations, saturation magnetization, among others; may vary depending on the synthesis procedure. Solid-state reaction is a method of synthesis of polycrystalline materials that consists of the direct chemical reaction between solid materials (powders) at high temperatures. Among the advantages presented by this method, we find the low cost of reactants, the simplicity of the heat treatments and the purity of chemical reactions that allow avoiding external waste elements or contaminations.
On the other hand, we have noticed that in most of reported works for the NiFe 2 O 4 ferrite, the authors concentrate their research in studying the physical properties of NiFe 2 O 4 as final material. However, there are few studies reporting in detail the changes of the physical properties of this material during the synthesis process. For this reason, the present work can allow us to monitor the process of formation of the spinel structure and to have better comprehension of the physical-property changes of NiFe 2 O 4 with the temperature of synthesis. Therefore, the main purpose of this work is to synthesize NiFe 2 O 4 using the solid-state reaction method and to carefully analyze the variation of the structural, vibrational and magnetic properties with the temperature of the heat treatments.
Materials and Methods
Nickel ferrite (NiFe 2 O 4 ) was synthesized by mixing stoichiometric amounts of hematite (α-Fe 2 O 3 ) and nickel oxide (NiO). The crystalline powders were subjected to low-energy mechanical milling with the purpose to produce homogeneous mixtures of reactants. It is important to emphasize that during the milling process we want neither to induce chemical transformations nor to synthesize the spinel phase. The mechanical milling was performed at room temperature and atmospheric pressure in a Fritsch Pulverisette 5 planetary ball mill. Agate jars (250 mL) and agate balls (12 mm diameter) were used in the process. The angular velocity was 100 rpm, the ratio of the mass of the balls to the mass of the powder was of 30:1 and the milling time was 2 h. Subsequently, the powders were submitted to heat treatments at 1000, 1100 and 1200 °C for 12 h. The heating and cooling ramps were of 2 °C/min and 10 °C/ min, respectively.
The physical characterization of the samples was carried out using X-ray diffraction, infrared and Raman spectroscopies, Mössbauer spectrometry, magnetization measurements, scanning electron microscopy and energy dispersive X-ray spectroscopy. The XRD patterns were obtained in a Panalytical diffractometer X'Pert PRO MPD using a Cu-Kα X-ray source. The measurements were performed in 2θ range of 10°-75° using steps of 0.04° and time per step of 23 s. The Rietveld analysis of the XRD patterns was carried out using the MAUD program, which allowed us to determine lattice parameters and relative abundances of the crystalline phases. To initiate the analysis, CIF files corresponding to the NiO (1010093 COD), α-Fe 2 O 3 (9000139 COD) and NiFe 2 O 4 (76179 ICSD) crystallographic phases were used as input data. In each crystalline phase, lattice parameters, average crystallite sizes, microstrains and relative abundances were refined. Arbitrary textures and isotropic crystallite sizes were assumed in the analysis. Regarding the instrumental parameters, the scale factor, sample displacement and background were refined.
The room temperature Mössbauer spectra were collected in the standard transmission geometry using a 57 Co/Rh radioactive source. The adjustment of the Mössbauer spectra was performed using lorentzian Mössbauer lines as implemented in the RECOIL program. The Mössbauer spectrum of a thin foil of α-Fe collected at room temperature was used for calibration purposes. Fourier transformed infrared spectroscopy was performed in a Shimadzu IRAffinity-1 spectrometer. The IR spectra were obtained in the wave number range 400-1500 cm -1 and in transmittance mode. The Raman spectra were obtained using a Horiba Jobin Yvon LabRAM HR spectrometer. An Olympus BX41 optical microscope with 50x objective and a He-Ne laser were used in the process. The SEM micrographs were obtained using a JEOL JSM-6490LV scanning electron microscope with magnifications of 5000x and 10000x. The EDS spectra were obtained using the Oxford Instruments INCA PentaFETx3 spectrometer coupled to the SEM instrument.
The magnetic behavior of the samples was studied using a Physical Property Measurement System at room temperature. Figure 1 shows the XRD patterns of the initial mixture of reactants and of the samples submitted to heat treatments. The first XRD pattern ( Fig. 1(a) ) corresponds to the sample without treatment heat. All peaks were identified with Miller indices corresponding to crystallographic planes of α-Fe 2 O 3 and NiO. Figure 1 (b) shows the XRD pattern of the sample submitted to heat treatment at 1000 °C. The (110), (006), (116), (122), (214), (300), (208) and (1010) diffraction peaks of α-Fe 2 O 3 were not observed in the XRD pattern, while the remaining peaks of this phase experienced a drastic decrease in intensity. The (220) diffraction peak of NiO was not observed in the XRD pattern, while the (111) and (200) peaks of the same phase have decreased considerably in intensity and greatly overlap with the (222) and (400) peaks of NiFe 2 O 4 , respectively. In the same XRD pattern, we can notice the presence of the (111), (220), (311), (400), (422), (511), (440), (620) and (533) diffraction peaks related to NiFe 2 O 4 . Some of these peaks overlap with diffraction peaks of the reactants, however, it is observed a drastic increase in intensity (almost the double) of the peaks of which are the dominant ones. The remaining peaks related to the spinel phase increase in intensity. Taking into account the previous results, the sample submitted to heat treatment at 1100 °C corresponds to NiFe 2 O 4 , and the peaks related to reactants have almost disappeared. Finally, Figure 1(d) shows the XRD pattern of the sample submitted to heat treatment at 1200 °C. All diffraction peaks present in the XRD pattern correspond to NiFe 2 O 4 , which confirms the synthesis of the material. Figure 2 shows the Rietveld refinement of the XRD patterns of the initial mixture of reactants and of the samples submitted to heat treatments. The quality of the Rietveld refinements was determined using a set of conventional statistical parameters. In general, the quality of the Rietveld refinement (goodness of fit),χ 2 , can be determined using the statistical parameters R wp (Weight Profile R-factor) and R exp (Expected R-Factor), where R wp compares the adjusted data with the experimental data and R exp evaluates the quality of the experimental data. The previous parameters are related through the equation χ 2 = (R wp /R exp ) 2 . During the refinement process, χ 2 begins with large values when the fit model is poor and decreases as the fit data matches the experimental data. The refinement continues until convergence is reached with values close to 1, which indicates a correlation between the experimental data and the adjustment model used. Table 1 shows the values of the R wp , R exp , and χ 2 statistical parameters obtained in the Rietveld refinement of the XRD patterns.
Results
The XRD pattern of the initial mixture of reactants ( Fig. 2 The XRD pattern was adjusted by introducing NiO (1010093 COD), α-Fe 2 O 3 (9000139 COD) and NiFe 2 O 4 (76179 ICSD). However, all diffraction peaks were related only to NiFe 2 O 4 and no contributions coming from the reactants were detected. The lattice parameter obtained for NiFe 2 O 4 was a = 8.340 Å, which is in the range of values reported in the literature [9, 16] . The main findings of the Rietveld analysis are summarized in Table 1 .
At this point, it is worth comparing the experimental lattice parameters of NiFe 2 O 4 reported in Table 1 with the theoretical lattice parameter predicted by the formula of Hill et al. [17] . This formula can be applied only when cation reordering phenomena in spinel structure is considered. If we combine the equation of Hill et al., with the equations of the average radius for the tetrahedral and the octahedral sites proposed by Sickafus et al. [18] , we found that the theoretical lattice parameter, a th , for NiFe 2 O 4 can be expressed as follows:
in which λ is the inversion parameter, and:
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where . A r 0 55 It is worth mentioning that the numerical values of the a 0 and m constants are of vital importance to determine the range of values of the theoretical lattice parameter, a th , in NiFe 2 O 4 . Equations (2) and (3) explicitly show the dependence of these constants with the ionic radii, oxidation states and coordination sites of the different ions in the spinel structure. From equation (1), it is observed that a th decreases linearly as λ increases. The theoretical lattice parameter reaches maximum and minimum values of 8.371 Å (λ = 0) and 8.339 Å (λ = 1), respectively. On the other hand, it is expected that as the temperature increases, λ tends to 1 in NiFe 2 O 4 , which represents the more thermodynamically stable and the inversely ordered phase. Notice that the experimental lattice parameters for the samples with heat treatments at 1000 °C and 1100 °C are out of the range of a th values, and are below a th,min . Moreover, the experimental lattice parameters increase as temperature increase, contrary to what is expected if equation (1) is used, and if λ increase with temperature increase.
Therefore, the changes in the experimental lattice parameters with temperature cannot be ascribed to only cation reordering phenomena. A possible explanation is the presence of defects, like O, Ni and Fe vacancies that are gradually filled with ions as the temperature of the heat treatment increases. Figure 3 (a) shows the Mössbauer spectrum of the initial mixture of reactants. The spectrum was adjusted by introducing a single sextet assigned to Fe 3+ ions in α-Fe 2 O 3 . The hyperfine parameters obtained from the fit were δ=0.36 mm/s, 2ε=-0.11 mm/s and B=51.4 T. All previous parameters are in agreement with the hyperfine parameters reported in the literature for α-Fe 2 O 3 with micrometric particle size [19] . Table 2 ) are in good agreement with those reported in the literature for NiFe 2 O 4 [20] [21] . However, the subspectral areas ratio for Fe 3+ cations at tetrahedral (A) and octahedral [B] sites, A A /A B , decreases as the temperature increases. To understand the variation of this area ratio with temperature, it is worth recalling the typical formula of A A /A B used in Mössbauer spectrometry for materials with spinel structure [22] [23] : [24] ; we found A Table 2 are outside the range of expected theoretical values. Of course, equation (4) can only be used when cation disordering is present in NiFe 2 O 4 . Taking into account that the Mössbauer subspectral areas are proportional to the number of Fe ions, the observed decrease in A A /A B with increasing temperature can be explained if it is assumed that there are Fe 3+ vacancies mainly at the [B] sites, and that these are gradually filled with cations as the temperature of the heat treatment increases. Another interesting observation is that Mössbauer spectrometry could not detect the presence of Fe 2+ ions in none of the samples, therefore oxygen vacancies, V O , can be ruled out. In fact, V O is likely accompanied with Fe 2+ ions [25] .
Finally, Mössbauer spectroscopy is a highly sensitive technique that allows to determine the oxidation states of the Fe atoms in matter. In the Mossbauer spectra of the samples, we obtained isomer shift values of 0.25 mm/s (relative to α-Fe) for Fe cations at tetrahedral sites, and of 0.36 mm/s (relative to α-Fe) for Fe cations at octahedral sites, which clearly point out to the presence of Fe 3+ cations. In fact, if Fe 2+ cations were presented, then higher isomer shift values (higher values than about 0.6 mm/s) should be expected.
These results clearly indicate that Fe 2+ cations were not detected in the samples. Figure 4 shows the IR spectra of the initial mixture of reactants and of the samples submitted to heat treatments. The IR spectrum of the sample without heat treatment ( Fig.  4(a) ) exhibits two absorption bands at 472 and 540 cm -1 . For the NiO phase, a main absorption band assigned to vibrations of the Ni-O bonds has been reported in the range 440-482 cm -1 [26] [27] . The α-Fe 2 O 3 phase has a characteristic absorption band in the range 460-480 cm -1 assigned to vibrations of the Fe-O bonds [28] [29] . Therefore, the IR band located at 472 cm -1 is the result of the superposition of the absorption bands of NiO and α-Fe 2 O 3 . Finally, the absorption band at 540 cm -1 was assigned to vibrations of the Fe-O bonds in α-Fe 2 O 3 . This absorption band is characteristic of α-Fe 2 O 3 and has been reported in the range 536-570 cm -1 [28] [29] [30] . Figures 4(b-d) show the IR spectra of the samples submitted to heat treatments. In general, it is observed that as the temperature increases, the absorption bands related to α-Fe 2 O 3 and NiO disappear, and two new absorption bands at 411 and 599 cm -1 appear, which were related to NiFe 2 O 4 . [16] . In Figure 4 , it is noticed that as the temperature increases, the intensity of the IR band at 411 cm -1 increases in comparison to the intensity of the IR band at 599 cm -1 . If the intensities are related to the number of Fe-O bonds, then the observed variation in the relative intensities of these two IR bands can be explained if there are cation vacancies, mainly at the [B] sites, that are gradually filled with Fe 3+ and Ni 2+ cations as temperature of the heat treatment increases. This result is in good agreement with X-ray diffraction and Mössbauer spectroscopy. Figure 5 shows the Raman spectra of the initial mixture of reactants and of the samples submitted to heat treatments. The spectrum of the sample without heat treatment ( Fig.  5(a) ) shows 6 Raman modes at 225, 244, 290, 410, 495 and 610 cm -1 , which were related to the Raman modes that the group theory predicts for α-Fe 2 O 3 in the wavenumber range 100-1000 cm -1 [33] [34] . On the other hand, for NiO the Raman bands are located at 570, 730 and 906 cm -1 [35] [36] , however, the bands for this material have very low intensities with respect to the bands of α-Fe 2 O 3 . In the Raman spectra, it was not possible to detect contributions from NiO even when zooming in the areas of interest. Figures 5(b-d) show the Raman spectra of the samples submitted to heat treatments. In general, as the temperature increases, the Raman modes related to the reactants disappear in the spectra and 5 new Raman modes (A 1g + 3F 2g + E g ) related to NiFe 2 O 4 appear [37] [38] [39] . The results obtained by Raman and IR spectroscopies confirm the synthesis of NiFe 2 O 4 . Figure 6 (a) shows that the initial mixture of reactants consists of agglomerates of micrometric particles. In our case, the reactants used in the synthesis of NiFe 2 O 4 were α-Fe 2 O 3 with particle size of about 4 μm and NiO with particle size smaller than 10 μm. However, the initial mixture of reactants was submitted to mechanical milling and for that reason, they exhibit particle sizes lower than 1 μm. Figures 6(b-d) show the SEM micrographs of the samples submitted to heat treatments at 1000, 1100 and 1200 °C, respectively. In general, it is observed that the samples consist of agglomerates of particles with irregular shapes and micrometric sizes. However, the average particle sizes seem to decrease as the temperature of heat treatment increases.
Taking into account the previous SEM micrographs it is possible to infer that the sample with heat treatment at 1200 °C presents agglomerates of smaller particle sizes with respect to the samples treated at lower temperatures.
The elemental chemical composition of the samples was evaluated in three randomly assigned zones with no specific order. Figure 7 shows randomly selected zones in the SEM micrograph of the initial mixture of reactants, the idea is to obtain the percentages by weight of the chemical elements present in the evaluated area. This methodology allows to determine if the sample has homogeneous chemical composition, that is, if the percentages by weight of the chemical elements do not depend on the selected zone in the SEM micrograph. The previous procedure was also used in the samples with heat treatments at 1000, 1100 and 1200 °C. Figure 8 shows the EDS spectra of the initial mixture of reactants and of the samples submitted to heat treatments. The spectra were obtained in the energy range 0-20 keV, however, to optimize the analysis and the identification of the chemical elements, the spectra were plotted in the 0.0-1.1 keV and 5.8-8.5 keV energy intervals, because in these ranges are located the contributions of the chemical elements detected in the samples.
In the EDS spectra of the initial mixture of reactants ( Fig.  8(a) ) is observed the presence of O, Fe and Ni. It is evident that the elemental chemical composition in this sample is not homogeneous because the EDS spectra depend on the evaluated zone in the SEM micrograph. In our case, the EDS spectra of the zones 1 and 2 (spectrum 1 and 2) indicate deficiencies and excesses in the amounts of Ni and Fe, respectively, while the EDS spectrum of the zone 3 (spectrum 3) represents the opposite case, that is, deficiencies and excesses in the amounts of Fe and Ni, respectively. The above indicates that the elemental chemical composition in this sample depends on the amount of NiO and/or α-Fe 2 O 3 present in the evaluated zone. Figures 8(b-d) show the EDS spectra of the samples submitted to heat treatments at 1000, 1100 and 1200 °C. Initially, in the sample without heat treatment, the EDS spectra depended on the evaluated zone because each of them could contain more α-Fe 2 O 3 or NiO. However, as the temperature of the heat treatment increases, the reactants interact chemically causing the formation of NiFe 2 O 4 and the EDS spectra begin to coincide in the different evaluated zones in the SEM micrograph. In this way, the elemental chemical composition in the samples tends to be homogenous as the temperature of the heat treatment increases, which results in the formation of NiFe 2 O 4 in the entire volume of the samples.
The EDS spectra of the three zones for the sample with heat treatment at 1200 °C ( Fig. 8(d) ) are very similar and overlap over the entire range of energy, the above indicates that this sample is highly homogeneous in elemental chemical composition.
In summary, the EDS spectra were used only for qualitative analysis of chemical composition in order to show that: (i) there are no contaminants, (ii) the chemical elements Ni, Fe and O are presented in all samples, and (iii) the chemical composition becomes more homogeneous as the temperature of heat treatments increases. Figure 9 shows the hysteresis loops of the initial mixture of reactants and of the samples submitted to heat treatments. The magnetization curves were obtained in the magnetic field interval [-1.0,+1.0] T at 300 K. The magnetization curve of the sample without heat treatment ( Fig. 9(a) ) represents the superposition of the magnetic behaviors of α-Fe 2 O 3 and NiO. α-Fe 2 O 3 exhibits weak ferromagnetism with saturation magnetization and coercive magnetic field of the order of 0.24 emu/g and 0.19 T, respectively [40] . On the other hand, NiO exhibits antiferromagnetism with saturation magnetization and coercive magnetic field of the order of 0.92x10 -2 emu/g and 0.14x10 -1 T, respectively [41] [42] . The saturation magnetization and coercive magnetic field values of α-Fe 2 O 3 are larger in several orders of magnitude to the obtained values for NiO, that is, α-Fe 2 O 3 in the initial mixture of the reactants present the greatest contribution to the total magnetization of the sample. The magnetization in the sample without heat treatment reaches a value of 0.36 emu/g, however, it was not possible to obtain its maximum value (saturation magnetization) even in the maximum value of the magnetic applied field (1.0 T). The coercive magnetic field has a value of 0.16 T, which indicates that the sample without heat treatment presents characteristics of hard magnetic materials (high coercive fields) and weak ferromagnetism at room temperature. Figures 9(b-d) show the hysteresis loops of the samples submitted to heat treatments. In comparison to the initial mixture of reactants, drastic changes in the magnetic behavior of the samples were observed. The constant chemical interaction between the reactants results in the formation of NiFe 2 O 4 characterized by having ferrimagnetic behavior at room temperature. The saturation magnetization, the coercive magnetic field, and the remanent magnetization values obtained in the analysis of the magnetization curves are reported in Table 3 . The results indicate that as the temperature of the heat treatment increases, the saturation magnetization and the remanent magnetization increase, while the coercive magnetic field decreases.
With respect to the initial mixture of reactants, the saturation magnetization increases approximately 99.3% until reaching a maximum value of 55.4 emu/g, while the coercive magnetic field decreases by 99.3% until reaching a minimum value of 3.19x10 -3 T in the sample with heat treatment at 1200 °C. The heat treatments change the geometrical form of the hysteresis loops until adopting the S-type shape characteristic of the materials with ferrimagnetic behavior. From the results obtained in the hysteresis loops, it is possible to confirm the synthesis of NiFe 2 O 4 . As the temperature increases, hysteresis loops with S-type geometric form are obtained. This curve is characteristic of NiFe 2 O 4 and represents its ferrimagnetic behavior at room temperature. The coercive field values indicate that the samples with heat treatments present characteristics of soft magnetic materials (low coercive fields) like NiFe 2 O 4 [43] . The saturation magnetization (55.40 emu/g) is in good agreement with the values reported in the literature for NiFe 2 O 4 [2, 15] .
It is important to analyze in more detail the results obtained for the saturation magnetization (M S ) in the samples with heat treatments, and to compare them with the theoretical saturation magnetization. In the unit cell of NiFe 2 [44] . To perform a quantitative analysis, we consider the structural formula for NiFe 2 O 4 , which is given by:
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where () and [ ] represent the cations at tetrahedral (A) and octahedral [B] sites, respectively, and the parameter λ is the degree of inversion. Per formula unit, the theoretical saturation magnetization, M the , for an ideal collinear ferrimagnet, which is the case of NiFe 2 O 4 , is given by:
where M A and M B are the magnetizations (per formula unit) of the sublattices (A) and [B] respectively, and are given by:
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where M Ni 2+ and M Fe 3+ are the magnetic moments of the Ni 2+ (3d 8 , M Ni 2+ = 2μ B ) and Fe 3+ (3d 5 , M Fe 3+ = 5μ B ) cations, respectively. By replacing equations (7) and (8) into equation (6), we obtain: From equation (9), it is noticed that as λ increases from 0 to 1, M the decreases. On the other hand, it is expected that as the temperature increases, λ also increases, because the thermodynamic equilibrium state is gradually reached in NiFe 2 O 4 . Therefore, it would be expected that as the temperature increases, M S decreases. However, in contrast, we found experimentally that M S increases as the temperature increases. This result implies that cation reordering phenomena cannot be considered as the dominant explanation for the obtained results, which is in agreement with all the results previously discussed.
Discussion
We have found that as the temperature of the heat treatments increases from 1000 °C to 1200°C, the NiFe 2 O 4 production increases from 81 to 100 wt.%. The XRD analysis and the magnetization measurements of NiFe 2 O 4 showed that as the temperature increases, there is an increase in the lattice parameter and in the saturation magnetization, but there is a decrease in the coercivity. On the other hand, Mössbauer spectroscopy showed that there is a decrease in the subspectral areas ratio for Fe 3+ cations at (A) and [B] sites, A A /A B , with increasing temperature. From IR spectra, the intensity of the 411 cm -1 band (vibrations at octahedral sites) increases relative to the intensity of the 599 cm -1 band (vibrations at tetrahedral sites) with increasing temperature. These results suggest that a defective spinel NiFe 2 O 4 is formed at 1000 °C, and that as the temperature increases, the defects gradually disappear. There are at least three possible hypotheses to explain the observed results: evaporation of chemical elements, cation reordering in the spinel structure and [B] sites cation vacancy filling. Let us discuss each of them. In the solid-state reaction processes, high temperatures are required because at room temperature solid materials do not react each other even if the conditions for thermodynamic reaction are favorable. There is no general method that indicates which is the ideal temperature to achieve the synthesis of a particular material, however, to activate diffusion processes in a mixture of reactants, it is required at least 2/3 of the melting temperature of the reactant with the lowest melting point. In most cases, the ideal temperature is determined by multiple assays using temperatures above the suggested temperature. In our case, the reactants used in the synthesis of NiFe 2 O 4 correspond to nickel oxide (NiO) and hematite (α-Fe 2 O 3 ) with melting points of 1955 °C and 1565 °C, respectively. The heat treatments were performed at temperatures generally higher than 1000 °C but lower than the melting points of the reactants involved in the synthesis. Therefore, the evaporation of chemical elements is not possible in the range of temperatures (1000-1200 °C) used in the synthesis. On the other hand, as carefully discussed in the Results section, cation reordering phenomena cannot be considered as the dominant explanation for the results. , where λ is the inversion parameter, and V stands for the Ni 2+ and Fe 3+ vacancies at [B] sites, with x and y concentrations, respectively. Of course, x and y tend to zero as the temperature increases. By using this chemical formula and assuming that the cation vacancies are non-magnetic and that the magnetic moments are collinear, then it is found that:
Notice that for a given λ, as x and y tend to cero, M the increases, which is in accordance with the behavior of the saturation magnetization in the hysteresis loops. Possible spin canting and presence of magnetic defects could also contribute to change of the magnetic signal.
Conclusions
Nickel ferrite (NiFe 2 O 4 ) was synthesized by mixing stoichiometric amounts of α-Fe 2 O 3 and NiO using mechanical milling and heat treatments at high temperatures. The Rietveld analysis of the XRD patterns showed that the weight percentages of the reactants decreased with the increase of the temperature, while the weight percentage of NiFe 2 O 4 had strict increasing behavior. The lattice parameter of NiFe 2 O 4 was found to increase with increasing temperature. The Mössbauer spectra were fitted using three sextets related to the α-Fe 2 O 3 and NiFe 2 O 4 phases. As the temperature of the heat treatment increased, the sextet related to α-Fe 2 O 3 disappeared and only the sextets related to Fe 3+ cations (A) and [B] sites of NiFe 2 O 4 remained. The infrared and Raman spectroscopies confirmed the formation of NiFe 2 O 4 . The IR spectra showed the characteristic absorption bands of NiFe 2 O 4 , which were related to metal-oxygen vibrations in tetrahedral and octahedral sites of the spinel structure, while the Raman spectra showed the characteristic active modes of this type of crystal structure. In the SEM micrographs it was observed that the samples consisted of particles with irregular shapes and micrometric sizes. The EDS spectra showed the presence of O, Fe and Ni ruling out the presence of impurities. The elementary chemical composition in the samples tended to be homogenous as the temperature of the heat treatment increases resulting in the formation of NiFe 2 O 4 . From the results obtained in the magnetization curves, it was possible to confirm the synthesis of NiFe 2 O 4 . As the temperature of the heat treatment increases, hysteresis loops with S-type geometric forms were obtained. This curve is characteristic of NiFe 2 O 4 and represents its ferrimagnetic behavior. The saturation magnetization was in agreement with the values reported in literature for NiFe 2 O 4 .
All the results suggest that a defective spinel NiFe 2 O 4 is formed at 1000 °C, and that as the temperature increases, the defects gradually disappear. Neither cation reordering phenomena nor possible evaporation of chemical elements were the dominant effects to account for the results. The results can be nicely explained if it is assumed that [B]-sites cation vacancies are gradually filled with cations as the temperature of the heat treatments increases.
Acknowledgments
Financial support by COLCIENCIAS (Convocatoria 727 Doctorados Nacionales) and CODI-Universidad de Antioquia (Programa de Sostenibilidad Grupo de Estado Sólido, 2018-2019) is greatly acknowledged.
